Background G protein-coupled receptor 35 (GPR35) is an orphan receptor and is vastly expressed in immune cells and gastrointestinal cells, suggesting the potential physiological importance of GPR35 in these cells. Here, we tested the hypothesis that the lack of GPR35 expression in the colon mucosa exacerbates the severity of dextran sulfate sodium (DSS)-induced experimental colitis in mice. Methods Colitis was induced in GPR35 wild-type (GPR35 +/+ ) and GPR35 knockout (GPR35 −/− ) mice through the administration of DSS in drinking water for 5 days followed by regular facility water for 1 day. Induction of colitis was evaluated by measuring relative body weight loss, clinical illness scores, and morphological changes in the colon. Abolition of Gpr35 gene expression in the colon mucosa of GPR35 −/− mice was confirmed by quantitative real-time PCR (qPCR). Gene expressions of inflammatory and tissue remodeling cytokines were detected by qPCR. Human colorectal epithelial Caco cells were transfected with siRNA against GPR35 before treated with 1% DSS in vitro. Protein expressions were measured using Western blot.
Introduction
Inflammatory bowel disease (IBD) is an intricate multifactorial, chronic, and relapsing disease that involves inflammation of the gastrointestinal tract [1, 2] . It comprises ulcerative colitis (UC) and Crohn's disease (CD) triggered through various genetic and environmental elements [3] [4] [5] . According to Crohn's and Colitis Foundation of America (CCFA) report, about 1.6 million Americans are afflicted with IBD. Furthermore, IBD is commonly recognized as one of the leading causative risk factors for the progression of colorectal cancer mediated through chronic intestinal inflammation [6, 7] . Despite significant advances in patient care, clinical data showed low remission rates at best of 40%. There is a compelling need to understand molecular mechanisms of IBD in order to identify novel therapeutic targets and effective treatment strategies.
G protein-coupled receptor 35 (GPR35) is an "orphan" receptor identified in 1998 [8] and has gained significant attention as a vital therapeutic task largely due to its close pathophysiological association with a plethora of diseases [9] . Nonetheless, the limitation in pharmacological approach and the lack of known endogenous ligands have led to a poor understanding of the therapeutic potential targeting this receptor. Recently, several endogenous ligands have been discovered stimulating GPR35, but have not been recognized as pivotal molecules largely due to deficiency of biological specificity [10, 11] . The functionality of GPR35 remains largely unknown. Several studies have shown that GPR35 is highly expressed in colon, spleen, urinary system, liver, thymus, and immune cells [11] [12] [13] . By in situ hybridization, GPR35-specific signaling has been revealed in the epithelial cells located in the crypts and villi, but not in lamina propria [11] . This group has also found that GPR35 is expressed in peripheral leukocytes, monocytes, T cells, neutrophils, dendritic cells, and eosinophils. Its ligands such as kynurenic acid and CXCL17 can also be detected in the gastrointestinal tract. Because significantly higher expression levels of GPR35 have been found in the gastrointestinal (GI) tract [14] , it is speculated that GPR35 may play a substantial role in gut homeostasis. Interestingly, GPR35 has been recognized as a crucial element facilitating chronic inflammatory conditions in the intestinal region, which in turn leads to IBD. Two earlier investigations used genome-wide association study (GWAS) to identify a Gpr35 single nucleotide polymorphism (SNP) related to the early onset of ulcerative colitis [15, 16] . Further GWAS studies have shown that GPR35 is also associated with other diseases such as type 2 diabetes [17] and coronary artery disease [18] . However, the exact role of GPR35 playing in the onset of ulcerative colitis is not clear.
In our current study, we investigated whether GPR35 expression in the colon mucosa plays any key role in protecting the colon from inflammation. We tested the hypothesis that deletion of GPR35 deteriorates the severity of dextran sulfate sodium (DSS)-induced colitis disease. To our knowledge, this is the first in vivo investigation in animals to observe the impact of GPR35 on the onset of experimental colitis using GPR35 knockout (KO) mice. Histological analyses have been used to evaluate the severity of colon injuries. Several inflammatory and tissue remodeling cytokines have been detected as the first attempt to explore the potentially important role of GPR35 under inflammatory conditions.
Materials and Methods

Mice and Colitis Induction
Specific pathogen-free male C57BL6 mice (6-8 weeks of age) were procured from The Jackson Laboratory (Bar Harbor, ME). GPR35 knockout mice (GPR35 −/− , on the C57BL6 background) were purchased from Wellcome Trust Sanger Institute (Cambridge, England) [19, 20] . GPR35 −/− mice were bred with C57BL/6 to generate GPR35 −/− mice and GPR35 +/+ mice. All mice were bred and maintained in the Eugene Applebaum College of Pharmacy and Health Science Animal Care Facility. Colitis was induced by the administration of 4% (w/v) dextran sulfate sodium (DSS, 36,000-50,000 mol.wt; MP Biomedicals, Irvine, CA) in drinking water for 5 consecutive days in GPR35 −/− mice and GPR35 +/+ mice, followed by the administration of regular facility water for 1 day [21, 22] . On day 7, all experimental mice were euthanized, followed by excision of their colons, measurement, and preparation for histology. All animal procedures were performed according to Wayne State University Institutional Animal Care and Use Committee (IACUC) guidelines.
Assessment of Disease Severity
Daily clinical illness scoring was evaluated based on a distinctive combination of body weight loss, stool consistency, and presence or absence of blood in stool [21] [22] [23] . The scoring details are shown in Table 1 as previously described [23] . Animals exhibiting clinical illness noticeable by weight loss of 20% combined with diarrhea and gross bleeding were given a maximal score of 10 (Weight loss > 20%; stool consistency, diarrhea; and presence of blood, occult+/Gross) and were promptly euthanized.
Histopathology and Scoring
The "Swiss rolls" method was used to prepare the sections of the mouse colons for histology (exclusive of cecum) [21, 22] . Briefly, a longitudinal excision was made to cut open the whole colon along the mesenteric axis into two fulllength colon halves. The colon halves were prepared into a Swiss roll and fixed with 10% buffered formalin. The fixed colon samples were further processed to prepare paraffinembedded slides (5-μm-thick sections), and hematoxylin and eosin (H&E) were used to stain sections. The inflammatory features were evaluated by four simply detectable pathological measures such as cellular infiltration (0-5), deterioration of crypt architecture (crypt damage, 0-4), extent of mucosal ulceration (0-3), and absence or presence of submucosal edema (0 and 1) as described previously [21, 22] . The evaluation was performed by two blinded examiners.
Congo Red Staining to Differentiate Eosinophils and Neutrophils
Differentiation between neutrophils and eosinophil granulocytes was performed on paraffin-embedded colon slides (5-μm-thick sections) using Congo red staining kit (IHC World, MD, USA). Neutrophils and eosinophils were enumerated in the submucosa and mucosa at the different stages of deteriorating crypt architecture (crypt damage, 0-4), with cells in at least 5 different field areas of each crypt damage score counted within high-power fields (400x) [22] . The damage scores were determined by two pathologists in a blinded way.
Quantitative Reverse Transcriptase PCR (qPCR) Analyses
Total RNA was isolated from mouse colon mucosa using RNeasy Mini kit (Qiagen, MD, USA). Total RNA was reverse-transcribed to a single-stranded cDNA using the high-capacity cDNA Reverse Transcription kit (Applied Biosystems, Life Technologies, CA, USA). The qPCR was carried out by PrimeTime qPCR Assay kit (Integrated DNA Technologies, Iowa, USA). Mouse GPR35 primer and probe sequences are 5′-ATC ACA GGT AAA CTC TCA GAC ACC AAC T-3′ (forward), 5′-CTT GAA CGC TTC CTG GAA CTC T-3′ (reverse) and 5′-TGG ATG CCA TCT GTT ACT ACT ACA TGG CCA-3′ (probe) [11] . The β-actin primer and probe sequences were 5′-CAT CTT GGC CTC ACT GTC CAC-3′ (forward), 5′-GGG CCG GAC TCA TCG TAC T-3′(reverse), 5′-TGC TTG CTG ATC CAC ATC TGC TGG A-3′ (probe). PCR products were separated in agarose gel to confirm the absence of GPR35 DNA in the knockout mice. For gene expressions of cytokines, inflammatory and remodeling factors, qPCR was carried out by using specific real-time PCR primers synthesized by Integrated DNA Technologies. The primer sequences are shown in Table 2 . Amplification and detection of specific products were performed with the ABI PRISM 7500 Sequence Detection System using Fast SYBR™ Green Master Mix (Thermo Fisher Scientific). Fluorescent signals were normalized to an internal reference, and the threshold cycle (Ct) was set within the exponential phase of the PCR. The target gene PCR Ct value was normalized by subtracting the β-actin Ct value, which gave the ΔCt value. The relative expression levels of each target between groups were then calculated using the following equation: relative gene expression = 2−(ΔCt_treatments-ΔCt_controls).
Human Colorectal Epithelial Cell Culture In Vitro and Treatments
Human colorectal epithelial cells Caco2 cells were obtained from American Type Culture Collection (ATCC) (Manassas, VA) and maintained in Minimum Essential Medium (MEM) (Corning) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma) and penicillin/streptomycin (Corning) at 37 °C with 5% CO2. When Caco2 cells reached 80% confluence under the microscope, 0.25% trypsin was used for cell digestion and passage. Caco2 cells were transfected with scrambled siRNA (small interfering RNA) or GPR35 siRNA for 48 h, followed by 1% DSS treatment for 4 h.
Small Interfering RNA Transfection
A scrambled siRNA and GPR35 siRNA used in the experiment were predesigned and synthesized by MilliporeSigma. One day before transfection, Caco2 cells were seeded into a 6-well plate till the cell confluence reached 80%. Transfection was performed using Mission siRNA transfection reagent (Sigma) according to the manufacturer's instructions. 
Western Blot Analyses
Forty-eight hours after transfection, Caco2 cells were treated with 1% DSS for 4 h and were lysed for western blot. Total cell lysate was heated at 42 °C for 15 min for denaturation. Electrophoresis was performed with 7.5% polyacrylamide gel, and proteins were transferred onto the polyvinylidene difluoride (PVDF) membrane. The membrane was blocked for 1 h in 5% goat serum before the addition of primary antibody for overnight incubation at 4 °C. The following day, the membrane was incubating with secondary antibodies for 1 h. The ECL chemiluminescent kit was used for development, and the images were taken in Amersham imager 600 system (GE health care). Antibodies against Zonula occludens-1 (ZO-1, #8193), β-catenin (#8480), Caludin1 (#13255), and E-cadherin (#3195) were from Cell Signaling Technology. Antibody against GPR35 was from Novus (NBP2-24640), and antibody against GAPDH was from Thermo Fisher scientific (AM4300). At least three biological repeats were obtained.
Statistical Analyses
Data were expressed as Mean ± SEM. The unpaired t test and one-way ANOVA were used to evaluate comparisons between all animal groups using GraphPad Prism software (version 7.0). P values below 0.05 were considered statistically significant (*p < 0.05; #p < 0.05).
Results
GPR35 −/− Mice Demonstrated Weight Loss and Exhibited Increased Clinical Illness Scores in DSS-Induced Colitis
Real-time PCR and DNA electrophoresis were performed in the colon tissues to confirm the deletion of GPR35 gene in GPR35 −/− mice using GPR35 +/+ mice as controls (Supplemental Figure 1) . The expression of GPR35 in the mucosal part of the colon was not significantly different between GPR35 +/+ mice administered DSS and GPR35 +/+ with control treatment. Administration of DSS through drinking water resulted in a decrease in body weight in both strains of mice (Fig. 1a) . A significant difference in body weight loss across the strains was observed only on day 6 (*p < 0.05). On day 6, the mean weight loss between GPR35 +/+ and GPR35 −/− mice was 7 and 11%, respectively. Interestingly, GPR35 −/− mice showed signs of soft stool and occult blood at an early stage (on day 1 or 2), and 75% of these mice developed bloody diarrhea after day 4. However, the GPR35 +/+ mice showed soft stools with occult blood, but only 20% of these mice exhibited signs of diarrhea after day 4. During the experimental period, the severity of daily clinical changes was scored in each mouse based on weight loss, stool consistency, and the presence of occult or gross blood. The daily clinical illness scores of the GPR35 −/− mice were found to be augmented significantly on days 1, 2, 5, and -CCA ACG CCC TCC TGG CCA AC-3′  5′-GAG CAC GTA GTC GGG GCA GC-3′  Il-1β  5′-GGA GAA CCA AGC AAC GAC AAA ATA -3′ 5′-TGG GGA ACT CTG CAG ACT CAAAC-3′  Il-6  5′-CCC AAT TTC CAA TGC TCT CCT-3′  5′-TGA ATT GGA TGG TCT TGG TCC-3′  Cxcl1  5′-AGA CCA TGG CTG GGA TTC AC-3′  5′-CGC GAC CAT TCT TGA GTG TG-3′  Cxcl2  5′-CTG CAT CTG CCC TAA GGT CT-3′  5′-AGT GCT TGA GGT GGT TGT GG-3′  Ccl2 5′-CTG CAT CTG CCC TAA GGT CT-3′ 5′-AGT GCT TGA GGT GGT TGT GG-3′ Tgfβ1 5′-GAT GGA TCA CAC GTC CTT CCC-3′ GAA GTG CGT CTG AAC TCT TGT-3′ Tgfβ2 5′-GTG GCC GAG CAG CGG ATT GA-3′ TGC ACA GCG TCT GTC ACG TCG-3′ Tgfβ3 5′-CAA CCC CAG CTC CAA GCG CA-3′ GCC ATT CAG CGG TGC CCC TT-3′ Mmp1 5′-TGA TGA GAC GTG GAC CAA CAG-3′ 5′-GAA TGA GTG AGC CCA AGG GA-3′ Mmp2 5′-GCT GTA TTC CCG ACC GTT GA-3′ TGG TCC GCG TAA AGT ATG GG-3′ Mmp9 5′-TGA AAA CCT CCA ACC TCA CGG-3′ 5′-AGA GAC TGC TTC TCT CCC ATCA-3′ Mmp12 5′-TTG GAT TAT TGG AAT GCT GC-3′ 5′-GCA CAT TTT GAT GAG GCA GA-3′ Hmgb1 5′-CCG GAT GCT TCT GTC AAC TT-3′ 5′-GGG CGG TAC TCA GAA CAG AA-3′ Egf 5′-TCC TGA CCC CGA ACT TCT CA-3′ 5′-TTA ACG TGT AGC CCT CAG CG-3′ Pdgf 5′-TCA AGG TGG CCA AAG TGG AG-3′ 5′-CTG GGT TCA GGT TGG AGG TC-3′ Fgf1 5′-GGG AGA TCA CAA CCT TCG CA-3′ 5′-GGA TCC TCA AGA AGT GGC CC-3′ Fgf2 5′-GGC TGC TGG CTT CTA AGT GT-3′ 5′-AGT GCC ACA TAC CAA CTG GAG-3′ −/− mice and GPR35 +/+ mice, followed by administration of regular facility water for 1 day as previously described [21, 22] . a The percentage of daily animal body weight changes during the experimental period. A significant difference in body weight loss across the strains was observed only on day 6 (*p < 0.05 vs. GPR35 +/+ + DSS). b Summary of daily clinical illness scores during the experimental period. The severity of daily clinical changes was scored in each mouse based on weight loss, stool consistency, and presence of occult or gross blood. After DSS administration, the daily clinical illness scores of the GPR35 −/− mice were augmented significantly on days 1, 2, 5, and 6 as compared with the GPR35 +/+ mice. N = 10 (GPR35 +/+ + DSS), n = 8 (GPR35 −/− + DSS); *p < 0.05 versus GPR35 +/+ + DSS 6 as compared with the GPR35 +/+ mice (Fig. 1b) . The colons of GPR35 −/− mice showed significant shortening compared to GPR35 +/+ mice upon DSS administration (Fig. 2a, b) . The average percentage of colon length reduction in DSS-administered GPR35 −/− and GPR35 +/+ mice was 35 and 21%, respectively. The increased clinical illness scores and reduction of colon length in GPR35 −/− mice support the hypothesis that the deletion of GPR35 impairs colon functions in this model of colitis. There was no significant change in body weight (data not shown) or colon length (Fig. 2a, b) in control treatment groups of either strain (GPR35 −/− and GPR35 +/+ with control treatment).
GPR35 −/− Mice Exhibited Extensive Ulcers and Colonic Inflammation Compared with GPR35
+/+
Mice upon DSS Administration
Next, we investigated if the GPR35 −/− mice had exacerbated colon tissue injury in DSS-induced colitis. The colonic histology of GPR35 −/− and GPR35 +/+ (without DSS treatment) groups showed normal architecture of the crypt with no signs of inflammation and/or ulceration (Fig. 3a) . However, the histology sections of DSS-administered GPR35 −/− mice colons showed extensive pathological changes (Fig. 3a) including submucosal edema, diffuse ulcerations (indicated by yellow lines), with most of the ulcerated areas showing signs of extensive inflammatory cell infiltration (up to mucosal part of the colon). Further, numerous places in the mid-colon area showed evidence of complete loss of crypts (damage score up to 4). With DSS administration, the mean histopathological score was significantly higher in GPR35 −/− mice as compared to wild-type mice (Fig. 3b) . In GPR35 +/+ mice with DSS administration, the colons showed small ulcers (yellow line), with inflammatory cell infiltration only seen in the ulcerated parts. Most of the areas showed an intact structure of crypt in GPR35 +/+ colons. Compared to GPR35 −/− mice, the average histopathology score was significantly lower in GPR35 +/+ mice (Fig. 3b) .
Deletion of GPR35 Did Not Alter Neutrophil or Eosinophil Infiltration into Colon Tissues
Congo red staining was performed in colon sections to differentiate between neutrophils and eosinophil granulocytes. (Representative picture of colon mucosa from DSS-administered GPR35 +/+ mice is shown in Fig. 4c .) As shown in Fig. 4a , neutrophil infiltration into mucosa and submucosa areas was closely associated with the degree of crypt damage in the DSS-induced colitis in both GPR35 −/− and GPR35 +/+ mice, but there was no significant difference between GPR35 −/− and GPR35 +/+ mice with the same crypt damage score. However, the GPR35 −/− mice did show a trend of increased neutrophil infiltration into the mucosa at crypt damage degree of 3 and 4, as compared with GPR35 +/+ mice (Fig. 4a) . Similarly, the eosinophil infiltration into mucosa and submucosa areas was increased at crypt damage degrees of 2 and above but did not differ significantly between GPR35 −/− and GPR35 +/+ mice (Fig. 4b) .
Upregulation of Pro-inflammatory Factors by GPR35 Deletion in DSS-Induced Colitis
In order to compare the secretion of the inflammatory cytokines in GPR35 −/− mice, seven different cytokines in the mouse colon mucosa of GPR35 −/− mice with or without DSS administration were examined by qPCR using colon mucosa from GPR35 +/+ mice as controls. These cytokines include tumor necrosis factor (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), C-X-C motif chemokine ligand 1 (CXCL1), C-X-C motif chemokine ligand 2 (CXCL2), C-C motif chemokine ligand 2 (CCL2), and high-mobility group box 1 (HMGB1) (Fig. 5) . Upon DSS administration, GPR35 −/− mice demonstrated significantly higher expression of IL-1β, CXCL1, CXCL2, CCL2, and HMGB1 at mRNA levels compared to GPR35 +/+ mice ( Fig. 5c-g ). These data suggest an inhibitory role of GPR35 on inflammation under the setting of DSS-induced colitis.
Upregulation of Tissue Remodeling Factors by GPR35 Deletion in DSS-Induced Colitis
To further dissect the role of GPR35 in the regulation of tissue damage during DSS-induced colitis, seven tissue remodeling factors were examined by qPCR, including transforming growth factor β (TGFβ) 1, 2, and 3, and matrix metalloproteinase (MMP) 1, 2, 9, and 12. As shown in Fig. 6 , DSS administration resulted in higher expression of MMP1, MMP9, and MMP12 in GRP35 −/− mice as compared with GPR35 +/+ mice. Meanwhile, most of these cytokines were also increased significantly in GPR35 −/− mice compared to GPR35 +/+ mice with control treatment. Among them, TGFβ1 (Fig. 6a), TGFβ3 (Fig. 6c), MMP1 (Fig. 6d) , and MMP12 (Fig. 6g) are the most dramatically upregulated cytokines. TGFβ2 also demonstrated an increase in levels in GRP35 −/− mice as compared with GPR35 +/+ mice at both control and DSS treatment, although with no statistical significance (Fig. 6b) .
GPR35 Downregulation Decreases the Expression of ZO-1, E-cadherin, and Claudin1 in Human Colorectal Epithelial Cells In Vitro
In human colorectal epithelial Caco2 cells cultured in vitro, we knocked down GRP35 and examined the expression of cell-cell adhesion molecules such as ZO-1, E-cadherin, β-catenin, and Claudin1 using Western blot. We found that those molecules were downregulated in GPR35 knockdown colorectal epithelial cells (Fig. 7) . When the cells were exposed to DSS (1%, 4 h), greater downregulation of ZO-1 and Claudin1 was observed in GPR35 knockdown cells than that in control cells.
Discussion
The IBD has affected millions of people worldwide. Currently, the remission rate is still low considering all the advances in patient care. GPR35 has been implicated in inflammatory, neurological, and cardiovascular diseases, but the signaling and functions of GPR35 have remained unclear for decades. We tested whether GPR35 mutant mice are more prone to develop a DSS-induced experimental colitis. Our results suggested a lower body weight, diarrhea, and blood stool in GPR35 −/− mice with DSS administration. The colon length was significantly reduced upon DSS administration. Detailed histological analyses in the colons of the GPR35 −/− mice unveiled significantly destructed colon mucosa structure and a diffused ulcerative area. Further gene analyses suggested upregulation of a subset of proinflammatory cytokines and tissue remodeling factors. To our knowledge, this is the first study to examine the in vivo Fig. 4 Neutrophil and eosinophil numbers in the colonic submucosa and mucosa in the colons of GPR35 +/+ and GPR35 −/− mice administered DSS. Multiple high-power fields (HPF, 400 ×) of regions representing the different scores of crypt damage in the mucosa and submucosa were pooled from each mouse into a single score, and the scores of different mice were pooled to derive a mean ± SEM. The numbers of neutrophils or eosinophils were counted in each area of the different scores of crypt damage. a The numbers of neutrophils in the submucosa and mucosa in each score category of crypt damage. b The numbers of eosinophils in the submucosa and mucosa in each score category of crypt damage. In both graphs, no statistical significance has been found between GPR35 +/+ and GPR35 −/− mice administered with DSS in each score category of crypt damage. c Representative high-power photomicrograph of Congo redstained section in DSS-inflamed GPR35 +/+ mouse colon mucosa. Red staining distinguishes eosinophils (red arrows) from unstained neutrophils (blue arrows) role of GPR35 in the regulation of tissue damage and inflammation in experimental IBD.
Recent findings from clinical studies have indicated GPR35 as a risk factor for chronic inflammatory disorders such as IBD and ulcerative colitis [15, 16] , providing a strong rationale to look at the role of GPR35 in the pathogenesis and progression of IBD. Most recently, Tsukahara et al. has reported that administration of GPR35 agonist could attenuate the DSS-induced colitis in mice. Moreover, they have shown that GPR35 agonists can promote intestinal epithelial cell migration in vitro which probably contribute to the injury repair of colitis [24] . In the present study, we examined the onset and progression of DSS-induced experimental colitis in the genetically modified GPR35 −/− mice. We found, without DSS administration, the GPR35 −/− mice showed no apparent colonic alterations from the GPR35 +/+ mice. There was no apparent difference in crypt cells and no signs of stool hydration or diarrhea (Fig. 2) . However, following 5 days of DSS treatment and 1 day of regular water administration, the GPR35 −/− mice became severely ill as demonstrated by more weight loss, higher disease scores (Fig. 1) , and significantly shortened colon length compared with GPR35 +/+ mice with DSS administration (Fig. 2) . Histological analysis revealed that there was a major loss of the colon epithelial layer and diffused and large ulcerative areas in GPR35 −/− mice, while the GPR35 +/+ mice had comparatively less epithelial layer damage and scattered ulcerative areas (Fig. 3) . These data clearly support the notion that the deletion of GPR35 exacerbates colon epithelial damage and ulcerations in DSSinduced colitis.
One interesting finding from our study is the disassociation between the severe tissue damage, elevation of pro-inflammatory and remodeling cytokine, and moderate inflammatory cell infiltration. The inflammation in mucosa and submucosa areas was increased by DSS administration in both GPR35 +/+ mice and GPR35 −/− mice, but there was no significant difference between the two mouse strains (Fig. 4) . Current findings were observed in DSS-induced colitis animal model, in which the adaptive immune system is not required for development of colitis in this model, as colonic inflammation can occur in the absence of inflammatory cells [25] . Furthermore, Congo red staining suggested that neutrophil and eosinophil infiltration into mucosa and submucosa areas was also comparable between GPR35 +/+ and GPR35 −/− mice (Fig. 4) , suggesting that the numbers of inflammatory cells recruited to the colon were not altered by GPR35 deletion. On the other hand, the qPCR data showed that in untreated GPR35 −/− mice, the pro-inflammatory cytokines such as IL-6, CXCL1, CCL2, HMGB1 (Fig. 5) , as well as tissue remodeling factors such as TGFβ1, TGFβ3, MMP1/12 (Fig. 6) , were much higher compared with untreated GPR35 +/+ mice. The inhibitory effects of GPR35 on inflammatory responses in our studies are in line with previous reports [11, 26, 27] . IL-6 and CCL2 are two pro-inflammatory factors that are most dramatically elevated in GPR35 −/− colons. It has been reported that these two cytokines induce each other and collaborate to promote the polarization of monocytes into M2 macrophages [28] . MMP1, MMP9, and MMP12 were found elevated in GPR35 −/− mice, especially after DSS administration. MMPs are potent factors that promote inflammation by cleavage of protein substrates [29] . The cleaved products can often result in gain of function, such as TNF-α and IL-1β, but they can also lead to degradation or conversion of the active chemokine to an antagonist, such as CXCL12 and CCL2 (also known as MCP-1) [30, 31] . With high levels of pro-inflammatory cytokines and remodeling cytokines in the GPR35 −/− colons, there was no significant difference in inflammatory cell infiltration into colon tissues between GPR35 +/+ and GPR35 −/− mice. It is possible that GPR35 also facilitates inflammatory cell trafficking in mucosa area, but the underlying mechanisms are not clear and may require more investigations in future. On the other hand, GPR35 ablation may also attenuate the recovery of epithelial injuries caused by DSS administration. The overall effect of global GPR35 −/− is a combination of the inhibited inflammatory response and attenuated epithelial cell recovery from DSSinduced injuries. Further mechanistic studies are needed to explain why deletion of GPR35 can affect epithelial cell recovery and mucosal barrier repair in addition to its regulatory role in inflammatory response.
In this animal model, we established that GPR35 is a potentially important target for intervention in IBD. However, DSS administration per se did not impair GPR35 mRNA levels (Supplemental Figure 1A) , suggesting that DSS-induced changes in GPR35 actions either occur at post-translational levels or through modulating its ligands. Recent discoveries have characterized several endogenous ligands such as kynurenic acid (KYNA), zaprinast, and lysophosphatidic acid (LPA) [10, 11, 13] . Using a high throughput approach, Wang et al. have revealed that KYNA can serve as a putative ligand for human and murine GPR35 [11] . However, the physiological roles of KYNA in activating human GPR35 are not clear since human GPR35 requires a much higher concentration of KYNA to achieve modest activation, compared with rat GPR35 [32] . Oka et al. reported that LPA acted as a ligand for GPR35 but it seems that LPA acts unselectively toward Fig. 7 GPR35 deficiency affects the expression of cell junction molecules. Colorectal epithelial cells (Caco2) were transfected with siRNA targeting GPR35 (GPR35 KD) or non-targeting siRNA which was used as control (control). Then the cells were treated with or without 1% DSS for 4 h (n = 3 biological repeats). The expression of ZO-1, E-cadherin, and Claudin1 was decreased in GPR35 deficiency cells. DSS treatment resulted in decrease in ZO-1, E-cadherin, and Claudin1, but the decreases in ZO-1 and Claudin1 were more severe in GPR35 knockdown cells GPR35 and in a manner distinct from other GPR35 ligands [10] . Therefore, there is a need to clarify the relevance of these reported effects of ligands at GPR35 and their significant species selectivity in future studies. It has been reported that GPR35 is expressed in CXCL17-responsive monocytes and in the THP-1 monocytoid cell line and may function as a novel chemokine receptor of the mucosal chemokine CXCL17 [33] . Thus, GPR35 function in macrophages/immune cells is pro-inflammatory, and therefore, its loss in macrophages would be expected to reduce inflammation and promote intestinal regeneration. However, the loss of pro-growth functions of GPR35 in intestinal epithelial cells (IECs) could contribute to attenuated GI injury recovery and aggravated inflammatory response. Therefore, the overall IBD response in global GPR35-deficient mice may be caused by the combinatorial protective and destructive effects of multiple cell types including IECs, macrophages, and other cell types. This is very likely the reason for the observed modest effect of GPR35 deficiency in our present studies. In the future, analysis of cell-type-specific KO of the Gpr35 gene will be required to clearly define the cell autonomous functions of Gpr35 in intestinal lesion development and IBD progression.
In summary, our study provides the first in vivo evidence for an essential role of GPR35 in the protection against DSS-induced experimental colitis. Deletion of GPR35 exacerbates the disease progression, which is associated with an outburst of a subset of inflammatory and tissue remodeling cytokines. We believe that GPR35 is a promising candidate for therapeutic intervention given its involvement in a variety of physiological and pathological processes. As more pharmacological tools are being developed and made available to the scientific community, we will be able to further probe for GPR35 actions in physiological and disease models. Eventually, our future studies will aim to translate these findings from a mouse model of experimental colitis into clinical settings, in order to truly assess the therapeutic value of GPR35.
